We report a new technique that, in contrast to conventional methods, uses a microfluidic platform for the fabrication of polymeric microcapsules that can contain sensitive biological materials. This encapsulation process is carried out through the use of hydrodynamic phenomena (e.g., multiphase laminar flow), and 'on the fly' photopolymerization. Our method allows for the generation of microcapsules whose size can be controlled by a regulation of flow rates, and the polymerized capsule can protect fragile materials, such as cells, DNA and enzymes from harsh environments. The proposed approach is extended to the fabrication of a microcontainer that can handle small volumes of liquid. The flexibility of the method across different materials and scales is a key advantage over many existing methods. M This article features online multimedia enhancements (Some figures in this article are in colour only in the electronic version)
Introduction
Recent progress in chemical, biological and clinical technology has resulted in many therapeutic materials such as chemical drugs, cells and recombinant proteins in large quantities. However, the delivery of these materials has been limited to oral and parenteral administration. Also important to the maximization of the therapeutic effect during drug delivery are (1) the delivery of these materials to specific areas inside the body, (2) the protection of these materials against harsh conditions, (3) the maintenance of these materials' functional integrity and (4) the prevention of toxic drugs' severe side effects. One way to realize such delivery is to form the micrometer-sized capsules from the bulk components so that the capsules have a controllable and adjustable coating thickness, and diverse fabrication methods have been reported that make use of emulsion technology, electrohydrodynamic force, layer-bylayer deposition of polyelectrolyte multilayers and so forth [1] [2] [3] [4] [5] [6] [7] [8] . They are very advantageous methods for the realization of micro-encapsulation but still have limitations related to (1) the ability to produce a uniform-sized microcapsule, (2) the stabilization of sensitive materials inside microcapsules and (3) the expensive and time consuming production process. Another method overcoming these limitations is the production of polymeric microcapsules that makes use of a microfluidic platform. Recently, microfluidic devices have been widely used for the production of liquid microvesicles [9] [10] [11] [12] [13] , and for the encapsulation of small volumes of liquid (shells are not solidified) [14, 15] . The method based on the microfluidic platform has many advantages, such as (1) the production of microcapsules that have uniform sizes and (2) overall simplicity and cost effectiveness in fabrication.
However, most of such encapsulation methods are limited to the production of capsules that have un-solidified shells. We and other researchers have employed such microfluidic devices for a continuous mass production of curved polymer microstructures (such as fibers, tubes and spheres) that is based on micro scale phenomena (e.g., laminar flow) and via 'on the fly' solidification [16] [17] [18] . Similarly, the generation of solidified microcapsules that is based on the microfluidic platform and in situ polymerization technology has been reported [19] [20] [21] . Despite their many advantages over conventional encapsulation methods, the above methods encounter two limitations in relation to the loading of sensitive materials into the capsule: (1) the polymerization time (UV exposure time) is long (more than a few seconds), and it may affect the sensitive material loaded inside the capsule, and (2) these methods employ mineral or silicon oil as a sheath or core fluid to generate the microcapsule through the use of microfluidic platform (this is one of the shortcomings that characterizes the loading of sensitive materials). In this paper, we report a method that is for the fabrication of polymeric microcapsules and that overcomes these limits. We minimized the polymerization time (within 200 ms) by using a fast polymerizable solution and by radiating the UV light around the outlet pipette (i.e., the UV light is radiated onto the liquid microcapsule uniformly from all directions because the reflected light is radiated onto the liquid capsule from the opposite direction of UV source). In addition, we employed aqueous solutions instead of oil, and this is one of the important advantages to our loading of sensitive materials into the capsule. To prove that the sensitive materials are loaded well and are not damaged during the fabrication process, we encapsulated the yeast cells with culturing media inside the microcapsules, stored them for 2 days and checked their viability. As another application of our method, we showed the feasibility of bundled encapsulation by the change of flow rate, and this technique will be applied as a novel tool for the storing, handling and arrayed assay of such small volumes.
Methods and experiments

Structure and construction of apparatus for microcapsule production
To produce microcapsules, we employed hydrodynamic phenomena (laminar flow in a micro scale channel) and the schematic of the microcapsule-fabrication apparatus (MCFA) is demonstrated in figure 1 . We employed two kinds of pulled pipettes-the inlet pipette (IN-pipette) and the intermediate pipette (IM-pipette)-and one normal (nonpulled) outlet pipette (O-pipette) to make the focused flow and the outlet flow. We constructed the apparatus by combining three kinds of pipettes and the PDMS substrate with a prepunctured center hole. The fabrication method of the PDMS substrate is described in our previous report [16] . To make the pulled micropipette, we employed a glass micropipette (Aluminosilicate glass/1714, Corning) whose length was 4 cm, and whose inner and outer diameters were 0.5 mm and 1 mm respectively. Before inserting the micropipette into the center hole of PDMS substrate, we cored out the holes for the sample and the sheath fluids using a 12-gauge needle, as illustrated in figure 2(a). Onto both the prepared PDMS substrate and the IM-pipette, the oxygen plasma was exposed for 2 min. We introduced the IM-pipette through the center hole by using methanol as a lubricant, and we bonded the IM-pipette onto the inner surface of center hole by curing for 4 h at 80
• C, as shown in figure 2 (b). The IN-pipette and the O-pipette were exposed to the oxygen plasma, introduced into both ends of the center hole and bonded via the curing for 4 h at 80
• C, as shown in figure 2(c). We shielded the fabricated apparatus with aluminum foil, so that the UV light is radiated only onto the outlet pipette.
Encapsulation principle
Using syringe pumps, we introduced into the three inlets, respectively, the core fluid, the photopolymerizable sample fluid and the sheath fluid. We encapsulated two kinds of core materials, such as dyed water (solution 3 + red dye) and cells (yeast cell + culture media), and the compound and the concentration of sample monomers (solution 1, viscosity: 9.73 cP) and sheath fluid (solution 3, viscosity: 9.01 cP) are summarized in table 1. The core and the sample fluid were introduced into each inlet port and traveled through the IM-pipette forming the coaxial geometry, and they were hydrodynamically focused at the tip of the IM-pipette. The focused and extruded coaxial jet flow was extended into the outlet pipette and subsequently split into segments maintaining its integrity. The mechanism of droplet formation from a cylindrical jet flow can be explained through the RayleighPlateau hydrodynamic instability, and many theoretical and experimental papers that predict the jet length and droplet size have been published [22] [23] [24] [25] [26] [27] [28] [29] . In the device that has the similar geometry with our MCFA, two drop-formation mechanisms are defined: dripping and jetting [30] . Utada et al reported that the transition from dripping to jetting occurs when an effective capillary number (C a = η sh ν/γ , where η sh is the viscosity of sheath fluid, ν the downstream velocity of the inner fluid, γ the interfacial tension) is over 1 [20] . We have generated the microcapsules inside the MCFA via the jetting regime, and the break-up of a liquid jet formed by a coaxial thread, which consists of core fluid (dyed water) and a polymerizable sample fluid, occurred. Finally, these break-ups turn into the spherical microcapsules owing to the surface tension, and they move into the downstream channel (O-pipette). With regard to the sheath fluid, we have here utilized solution 3, which allows for water solubility. Therefore, the remnant of this solution on the surface of solidified microcapsule can be easily removed with water.
'On the fly' solidification of capsules' shell
To solidify the sample fluid as it moved through the outlet, we exposed the transition or capsulated flow to ultraviolet (UV) radiation (365 nm, Novacure R 2100, EXFO Photonic Solution Inc) that had an intensity of 300 mW cm . The UV light rapidly polymerized the traveling microcapsules (a rough estimate is that they were polymerized within 200 ms). 
Results and discussion
Solidified diverse microcapsule
The MCFA was fabricated, and figure 3(a) illustrates the MCFA ready to produce the microcapsules continuously. Our device has many advantages: (1) it is very easy and simple to fabricate and (2) alignment of the core, sample and sheath flow is easy. As illustrated in this figure, the UV light is radiated onto the outlet pipette directly, and the reflected light from the bottom slide glass radiates onto the opposite side of the pipette. We guess that this structure helps to radiate light onto the surface of moving liquid-capsules uniformly, and such radiation may speed up the polymerization process. We introduced the core, sample and sheath fluid by using syringe pumps, and figure 3(b) illustrates the optical microscopy images of the break-up of a liquid jet formed by both a coaxial stream of core fluid (dyed with red color) and polymerizable sample fluid, and the resulting spherical microcapsules flowed into the downstream channel. According to this figure, which was taken on a highspeed camera (APX-RS250KC, Photron) at the rate of 250 frames s −1 , the droplet formation that uses no oil is feasible. This is very important from the practical aspect. If we employ oil as a sheath fluid, the remnant mineral oils on the surface of the capsule should be removed for the biological or medical applications. However, the complete removal is not easy as the polymerized hydrogel shell is weak, and the trial to clean the surface may result in damage to the sensitive materials inside the capsule. The inner and outer diameters of the microcapsule can be varied according to the flow rates. In a jetting regime, the drop radius is given by
(1)
where ε = R jet /R Orifice , Q sum : Q co (flow rate of core fluid) + Q sa (flow rate of core fluid), Q sh the flow rate of sheath fluid, R Orifice the inner diameter of O-pipette, η sa the viscosity of sample fluid [20] . We have calculated the diameter of the microspheres from equations (1) and (2), and figure 3(c) shows both the experimental diameter of the droplet according to the change of the sheath flow rate (core and sample flow rates are fixed) and the calculated diameter under the same condition (both of the values are normalized, which means that both the experimental and the calculated diameters at a sheath flow rate of 6.0 m h −1 were set to 1), and the results exhibit similar graph patterns. This outcome indicates that this analytical model is valid in our method (we use the aqueous solution instead of oil), and the size of the microcapsules can be predicted from this model. Figure 4 (a) illustrates the produced microcapsule whose shell was solidified by its exposure to UV light: the dyed core fluid appears at the center, and these microcapsules mimic the eggs of frogs in nature. The cross-sectional scanning electron microscopy (SEM(S-4300, Hitachi)) image of the solidified microcapsule is illustrated in figure 4 (b). The capsule was manually cut with the sharp razor under the stereoscopy, and some debris appear. The side view of the cut microcapsule is shown in the inset of figure 4(b), and the inner hole is clearly seen. We measured the size distribution of the microcapsules, and figure 4(c) illustrates the distribution of the inner and the outer diameters. The coefficients of variance (defined as the standard deviation divided by the diameter of the droplets) were about 4% and 5% for the inner and the outer diameters respectively, and these values are higher than that of Nie's results [19] . We conjectured that such a higher value resulted from our use of an aqueous solution as both sheath and core fluid. We have measured the inner and the outer diameters according to the flow rate change of the core, sample and sheath fluid, and the results are plotted in figure 5 . Figure 5(a) shows that the core fluid dominantly affects the determination of the microcapsule's inner diameter, while the outer diameter remains unaffected by the core flow rate. This finding indicates that the volume of loaded core fluid can be determined in reference to the core flow rates. As the sample flow rates increase, the inner diameter decreases, while the outer diameter increases, as demonstrated in figure 5(b) . Therefore, the regulation of the sample fluid affects the thickness of the shell. As the flow rate of the sample fluid increases, the thickness of the shell increases. The sheath flow rate dominantly determines the outer diameter, as illustrated in figure 5 (c). All these results involve the finding that the diversely sized microcapsules can be generated just by regulating the core, sample and sheath flow rates, respectively.
Fabrication of microcapsule bundle
Many researchers have focused on the production of single microcapsules, as described. However, we found that use of the same device can facilitate the production of bundles of microcapsules. Through a regulation of the flow rates of the core, sample and sheath fluids, the transient flow (outer: thread flow, inner: break-up (droplet) flow) as shown in figure 6(a) is generated. The mechanism of this transient flow is as follows: (1) figure 6 (c), and its shape is a bundle of microcapsules. The mean volume per each capsule in the bundle was measured, its value being about 524 ± 20 picoliters. This result indicates that the production of bundled microcapsules is feasible just by the regulation of flow rates, and we expect that this bundle can be applied as a novel tool for the storing, handling and arrayed assay of such small volumes. 
Controllable break of capsule
In terms of practical applications, there are two obstacles to be overcome. The first is how to break the microcapsule in a controllable way. Here, we added acrylic acid (AA) and EGDMA (cross-linker) to the sample fluid (solution 2 in table 1) for the controllable release of core fluid. The hydrogel polymerized with AA was employed as pH responsive components [31] , and we fabricated microcapsules by using this solution. The produced pH responsive microcapsule was incorporated into the PDMS-based microfluidic channel ( figure 7(a) ), and the base (pH 13) solution was introduced into the channel ( figure 7(b) ). Then, the capsule rapidly swelled, as illustrated in figure 7(c), and the rupture took place within 10 s. This figure shows the rupturing process to the time track, and this relation indicates that the pH is one of the potential stimulating factors that break the microcapsule in a controllable way. As we view the matter, the controllable fracture of a microcapsule might constitute the critical challenge that future research will have to confront as it attempts to master the effective delivery of therapeutic materials in the treatment of disease.
Cell encapsulation
One advantage of this encapsulation method is that scientists can create the polymeric shell without attacking the target material (encapsulated core fluid).
To verify this, we encapsulated yeast cells. Figure 8(a) shows the yeast cells and their fluorescent images. We detected the viability of cells by using a test kit (LIVE/DEAD R Yeast Viability Kit, Molecular Probes). The culture media containing stained yeast cells were employed as a core fluid. The microcapsules containing the yeast cells and their culture medium were fabricated and were stored for 2 days in non-aseptic water. The optical micrograph of these stored microcapsules and their corresponding fluorescent micrograph are illustrated in figure 8(b) , and the cells were still alive. These results indicate that, owing to the polymeric shell, the cells can escape not only from attacks during the fabrication process but also from the harsh environment and from infections; consequently, there is, herein, a potential application of cell delivery to specific regions.
Conclusion
In conclusion, we have developed a simple and cost effective method for the fabrication of microcapsules that encapsulate materials in a liquid state by means of hydrodynamic phenomena and in situ photopolymerization, and the flexibility of the method across both different materials and different scales is a key advantage. As the fabrication is carried out without any kinds of physical and chemical attacks, even very sensitive materials can be loaded into the capsule without any damage. The shells can protect the target materials from the harsh environment, a conclusion that we inferred from the yeast cell culture experiment. The suggested technology can be applied extensively to the delivery and the storage of sensitive materials-materials that are being isolated in surrounding environments. We expect that possible applications will include combinatorial cell assays, FACSlike assays, the production of artificial eggs and polymer encapsulation for cell-based therapies.
